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Abstract
Vergence eye movements have traditionally been considered the product of a single neural control center and are usually studied
by combining the movements of each eye into a single ‘vergence’ response. In the present experiment, disparity-driven eye
movements were produced by symmetrical step stimuli, and the dynamic properties of each eye movement were analyzed
separately. Although the final positions of the two eyes were symmetrical, large dynamic asymmetries often occurred. The timing
between the two eyes showed fair synchrony as they attained maximum velocity at approximately the same time. Since the final
static positions were symmetrical, asymmetries occurring during the initial dynamic component must necessarily be compensated
by offsetting asymmetries in the latter portion of the response. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In vergence eye movements, the two eyes move in
opposition to mediate bifixation in depth [1]. Although
both eyes are involved, this motor behavior has long
been held to be the product of a ‘single eye organ’ [2].
Essentially the two movements are assumed to be
driven by a common vergence center that produces a
single neural command which is partitioned equally to
the two eyes. This concept has motivated, and been
used to justify, the common experimental practice of
taking the difference between the two movements as the
effective overall vergence response [3–5]. When the
movements of each eye are analyzed separately how-
ever, substantial dynamic asymmetries are frequently
observed between left and right eyes, even in response
to symmetrical stimuli.
The differences between left and right eye dynamics
(sometimes referred to as dynamic violations of Her-
ing’s law) [6] have been well studied in saccadic eye
movements. The timing of saccadic events appears to
be equal in the two eyes: the peak velocities of the two
movements are attained within 5 ms of one another [7],
and the latencies are even more tightly coupled [8].
However, other dynamic features of left and right eye
saccadic trajectories are not always so well coupled.
Large differences in the amplitude and peak velocity of
the two movements have been reported when the sac-
cade occurs with a vergence movement [9–14]. In the
absence of a vergence stimulus, saccadic dynamics do
appear to be reasonably well balanced between the two
eyes. Bains et al. [15] correlated peak velocities attained
by the left and right eyes during oblique saccades and
found a linear coefficient of determination (r2) of 0.97,
indicating that only 3% of the variability was non-con-
jugate. In a comprehensive study, Collewijn et al. [16]
found that peak velocities differed by an average of
approximately 10% for small (5°) movements, but this
value decreased to approximately 5% for saccades
larger than 20°. Moreover, they found much of the
asymmetry was systematic with the abducting eye con-
sistently attaining the higher peak velocities. They
noted that this asymmetry represented a transient diver-
gence that occurs during the ongoing saccade. Zee et al.
[17] have confirmed this observation and have modelled
it as the result of differences in motor dynamics. Re-
cently, Collewijn et al. [14] have suggested that these
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transient divergence movements are of control origin
and assist in the production of effective gaze shifts
when combined version:vergence movements are
needed.
While Enright [18] described strong dynamic asym-
metries during pure vergence for asymmetrically ar-
ranged targets, dynamic asymmetries to symmetrical
stimuli, so-called ‘pure’ vergence movements, have not
been previously described. Here we examine the dynam-
ics of left and right eye movements during symmetrical
vergence responses and report substantial differences
between the two eye movements. These dynamic asym-
metries occur in the initial, high velocity phase of the
vergence response.
2. Methodology
2.1. Stimulus presentation and subjects
Experiments were designed to acquire horizontal eye
movements of both eyes during vergence responses to
symmetrical disparity stimuli. A single stimulus type, a
step change in target vergence position, was presented
using a specially developed stimulus device described
previously [19]. The target consisted of stereoscopically-
paired, bright vertical lines (0.2° in width and 2° in
height) presented on an oscilloscope (P31 phosphor and
a bandwidth of 20 MHz). Only the target was visible to
the subject: no other objects on the apparatus or in the
laboratory could be seen. The optics of the stimulus
device were carefully adjusted to ensure that the dispar-
ity vergence stimulus was symmetrical; i.e. each eye
viewed equal and opposite displacements in target posi-
tion. The potential influence of accommodation (which
could be driven through convergence accommodation)
was eliminated by presenting the target through a pin-
hole (B1 mm) optically conjugate to the plane of the
pupil [20]. Proximal influences related to changes in
target disparity appeared to be minimal in the device,
presumably due to a lack of depth information related
to the target.
Step changes in target vergence of 2, 4, and 8° were
generated by a computer which controlled stimulus
presentation and on-line data acquisition. All step stim-
uli were presented beginning at the same initial bias
position, 7° convergent. To discourage prediction, the
amplitude, direction, and time of presentation (after the
subject indicated readiness by pressing a button) were
randomized for each trial. Step stimuli were presented
in both divergent and convergent directions, although
only the convergent disappearing step responses were
analyzed here. Immediately following each stimulus
presentation, 3 s of data were recorded. During each
experimental run, between 16 and 20 responses were
recorded for each stimulus pattern, of which about 50%
were artifact free and suitable for analysis. Common
artifacts included large saccades, small saccades within
the transient vergence response (see below), and blinks.
Four subjects, between 26 and 50 years of age,
participated in the experiment. Each subject had nor-
mal binocular vision and acuity (20:20). Among these
subjects, JS was experienced and was aware of the goals
of this study, while CC, EV, and BS were relatively
inexperienced subjects and had no knowledge of the
study’s objectives. For each subject, experimental runs
were repeated at least three times on separate days
producing data sets of between 35 and 50 acceptable
responses.
2.2. Data recording and analysis
Binocular eye position was recorded by means of a
Skalar infrared eye movement monitor (model 6500).
This device has a linear range (within 3%) of 925°, a
resolution of 1.5 min arc, and a bandwidth of 200 Hz.
Measurement bandwidth was limited by 50 Hz low-pass
filters, and the data acquisition sampling frequency was
200 Hz. Adjustment of the low-pass filter cutoff fre-
quency showed that this bandwidth had no affect on
either vergence or saccadic dynamics, as indicated by
consistent values for the peak velocities.
A two-point calibration was performed before and
after each response. The baseline position (prior to
stimulus onset) was taken as the first calibration point
and the final position (after 3 s) was taken as the
second point. Calibrations were stored in the computer
and used to construct a separate calibration curve for
each eye. On selected runs, a three point calibration
was taken prior to each response to evaluate linearity
under our experimental conditions. These calibrations
showed the average nonlinearity to be 3% of the total
movement with a maximum of 5%.
Most of the analysis was performed using the Matlab
software package (Waltham, MA). All velocities were
calculated using the ‘two point central difference’ al-
gorithm [21] and, as with all filter-based derivative
algorithms, some frequency dependent phase shift will
be induced in the derivative plot. This shift may be
noted in some of the time traces plotted, but it does not
alter the accuracy of the derivative calculation with
respect to specific features of the velocity such as its
maximum value.
The analysis consisted primarily of calculating the
position of each eye toward the end of the fast portion
of the dynamic response. The velocity trace was used to
identify a consistent point near the end of the fast
portion of the movement as shown in Fig. 1 (upper
trace). Specifically, the point at which response velocity
had fallen to 25% of its maximum value (the dashed
line in the plots of Fig. 1) was selected as a convenient
end point for the fast portion of the movement. The
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Fig. 1. Typical individual vergence responses for two subjects to a symmetrical step change in disparity. Lower traces show position and the upper
traces show velocity. Convergence is plotted as upward. The line and crosses indicate the location of the amplitude measurement for the transient
portion of the response.
position values of the right and left eye were taken at
that point (the cross in Fig. 1).
2.3. Analysis of data errors
There are two primary sources of potential error in
our of measurements of vergence asymmetry: saccades
and calibration error. The detection and:or elimination
of small saccadic eye movements is of particular impor-
tance in this study, since even a small saccade would
produce a large apparent asymmetry if it occurred
during the transient vergence period. In general, moder-
ate to large saccades within the initial transient portion
of the vergence response could be minimized by careful
adjustment of stimulus symmetry. (While most subjects
can produce saccade-free vergence responses, we have
found subjects that cannot. This may be the result of
strong ocular dominance, as one eye is invariably
drawn to one of the transitory diplopic images, espe-
cially under the relatively sparse stimulus conditions of
this experiment.) The presence of small saccades could
be detected from time plots of version position and
velocity such as shown in Fig. 2. Based on version plots
of all responses from all subjects, small saccades pro-
ducing velocities of 2.0°:s or more could be readily
detected.
Despite screening of version traces for observable
saccades, it is possible that very small saccades could go
undetected, yet still contribute to the apparent vergence
asymmetry. Accordingly, a special technique was devel-
oped to account for any asymmetry that might be due
to very small, undetected saccades. For each response,
the movement onset was located manually (using inter-
active graphic software), and the positions of the two
eyes were normalized to zero at that point. This would
eliminate the influence of any saccades that occurred
prior to movement onset. Similarly, saccades that oc-
curred after the measurement point also would not
influence the asymmetry analysis. Only saccades that
occurred during the critical period between movement
onset and the measurement point would produce an
artifact. To account for the possible influence of these
undetected saccades, the assumption was made that
every record analyzed did contain a hidden saccade
during the critical period. In fact, two saccades were
assumed to exist, one in each direction. Since the
critical period between movement onset and the mea-
surement point was always less than 180 ms, it is
doubtful that two saccades could actually occur in this
period; however, since the direction of the presumed
saccade is unknown, saccades in each direction had to
be assumed. Using a worst-case approach, it was as-
sumed that the highest velocity peaks (both positive
and negative) occurring during the critical period were
due to saccades Fig. 2 crosshatched region. To elimi-
nate the velocity contribution due to a legitimate ver-
gence asymmetry, which would appear as a slow
version movement (Fig. 2, upper trace), the velocity
trace was high-pass filtered at 8 Hz (12 pole, Butter-
worth). Fig. 2 shows that in this example the filtering
eliminates the velocity contribution from the slow ver-
sion movement, but did not significantly modify the
maximum velocity for saccades. For each record ana-
lyzed, the highest positive and negative velocity peaks
were identified in each eye, then the area under the
velocity curve (i.e. between the zero crossings) was
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Fig. 2. Time plot of version response to a 4° vergence step illustrating the method used to calculate the ‘worst-case’ saccadic contribution to
vergence asymmetries. The upper trace shows version and a slow, transient deviation is seen that is a result of a vergence asymmetry. Saccades
are clearly seen later in the plot, but no observable saccades occur during the critical period (crosshatched region). The middle trace shows version
velocity and includes a small component due to the vergence asymmetry. The lowest trace has been high-pass filtered to remove the vergence
velocity contribution. Note that the saccadic velocity peaks appear to be only slightly modified by the filtering. The crosshatched area indicates
the region where the occurrence of a saccade would contribute to the apparent vergence asymmetry. This region is searched for maximum and
minimum peak velocities under the assumption that these peak velocities are saccadic. The potential saccadic contribution is calculated by
integrating the velocity curve between zero crossings.
integrated to find position. Integration was performed
using the Matlab area algorithm. The velocity integrals
were used to estimate the position errors that could be
due to the largest potential saccade, in either eye and in
either direction. These errors are included in the error
boundaries shown in the main data figure (Fig. 4)
which also include errors due to possible drift as de-
scribed below. It is likely that in most of the responses,
no saccade occurred and that the maximum velocity
was due to instrument noise enhanced by the derivative
operation (i.e. the velocity calculation). However, if a
saccade was present, its influence on the asymmetry
measurement would be shown by this analysis.
While calibration was performed for every response
trial, small drifts in the eye-movement monitoring sys-
tem during the short time period between the move-
ment and the calibration could present another source
of error. To evaluate the potential contribution of this
error source to the asymmetry measurement, the rela-
tive change in version, from movement onset to the
final position (several seconds after movement onset)
was measured. If the stimulus is symmetrical and the
calibration is accurate, the net change in version should
be zero. Records in which this change was greater than
0.1° were discarded. For records in which this change
was less than 0.1°, the difference was recorded and
treated as a potential error and added to the potential
saccadic artifact error to establish the error boundaries
shown in the main data figure. Since the two error
sources are clearly independent, the total error was
calculated as the square root of the sum of squares of
the two individual errors.
3. Results
Fig. 1 shows examples of disparity vergence step
responses in two subjects. These responses were con-
structed in the traditional manner by taking the com-
puted difference between left and right eye movements
(convergence is plotted as positive), and are similar to
those described by others [3,4,22,23]. The greater por-
tion of the movement was achieved during the initial
200–500 ms period (following the latent period) by a
comparatively high velocity movement. Fig. 3 shows
the left and right eye movements underlying the com-
bined vergence responses of Fig. 1. To facilitate com-
parison of the two vergence eye movements,
convergence is plotted as upward for both left and right
eyes. Note that while both eyes eventually arrived at
symmetrically convergent positions (each equal to half
the total stimulus), the initial portions of the move-
ments were quite different. In these responses, the
asymmetry in the initial fast portion of the movement is
shown as one eye falls short of the desired final position
while the other overshoots the final position. While
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Fig. 3. The responses of Fig. 1 with each eye movement plotted separately. The lower traces show the left (solid line) and right (dashed line) eye
positions, while the upper traces show left and right eye velocities for these movements. Both traces plot convergence as upward to aid in
comparison of movement dynamics. While not typical, asymmetries of the magnitude shown here were not uncommon.
large asymmetries seen on Fig. 3 were not typical, the
data summary figure will show that every subject some-
times produced asymmetries of this magnitude. This
initial movement was then followed by either a slow
movement (subject JS) or a saccade (subject CC) that
brought the eyes to their final, symmetrical position.
Note that since the initial movement is asymmetrical,
the late portion of the movement must also be asym-
metrical (and in the opposite direction) to obtain the
final symmetrical position. This paper is concerned
primarily with the asymmetries that occur in the initial
period of the response.
Fig. 4 describes the asymmetry over a number of
responses by plotting the paired positions of the left
versus right eye at the end of the transient period of the
response (as defined in Section 2). These data include
the error boundaries that account for the possible influ-
ence of saccades and other measurement errors as
described in the methods section. While the asymmetry
varied considerably from movement-to-movement and
between subjects, Fig. 4 shows that one eye can occa-
sionally achieve up to twice the amplitude of the other.
Although the initial movement amplitudes varied
widely, the overall timing of the two movements was
reasonably synchronous. Fig. 5 plots the time at which
maximum velocity was attained in the left versus right
eyes (this time includes the latent period). As can be
seen, a high correlation exists in the timing of the two
eye movements of a vergence response.
4. Discussion
On a trial-to-trail basis, large differences in the mag-
nitude of the initial component were frequently ob-
served. Careful calibration of the stimulus device and
the absence of large saccades indicated that the stimu-
lus was symmetrical. The eye movement monitor was
calibrated separately for each eye before and after every
response, and the calibration was checked by noting
any change in version between the beginning and the
end of the 3 s recording period. Special compensation
was made for the possibility of embedded saccades, so
that asymmetries outside the error boundaries shown in
Fig. 4 can not be attributed to the direct action of
embedded saccades. It is possible that the vergence
asymmetries are due, in part, to the influence of small
saccades acting through some internal interactive pro-
cess, but the asymmetries would still be attributable to
the vergence system. In addition, the final positions
attained by the two eyes were equal (within 0.1°),
indicating that the overall response, and the measure-
ment of that response, was symmetrical.
These dynamic asymmetries were much larger than
the those found in saccadic eye movements of equiva-
lent amplitude [15,16]. Moreover, the vergence asym-
metries did not exhibit any of the systematic behavior
found in saccades [14,16]. In two subjects (subject JS
and CC), the vergence movements had a tendency to be
faster in one eye, but the variability was quite large.
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Fig. 4. Plot of left versus right eye initial response amplitude. Each point is from an single response: the error bars show the results of a worst-case
calculation of error for that response based on potential saccadic involvement and measurement errors.
Inter-trial variability was also much greater than that
seen in saccades over the same amplitude range. Fi-
nally, while the timing between the two eyes was more
highly correlated than the amplitude, it was still not as
tightly coupled as found in saccadic eye movements
[7,8].
A comparison of vergence movements to saccades of
equal amplitude may be misleading, since such saccades
produce much higher velocities. It is possible that sac-
cades having the same velocities as the vergence move-
ment analyzed here, saccades in the range of 12–30 min
of arc, have more asymmetry. Collewijn et al. [16]
found that asymmetries in peak velocity increased with
a decrease in saccadic amplitude. Similarly, Ditchburn
et al. [24] reported large inter-trial variability in the
saccadic responses to a 16 min of arc step stimulus,
though some of this variability may be attributable to
sensory mechanisms. If small saccades of equivalent
velocity do share the asymmetry and inter-trial variabil-
ity found in the vergence movements as presented here,
then it is possible that this variability represents the
baseline noise of the supporting neural control pro-
cesses. The reduction of both asymmetry and inter-trial
variability in saccadic eye movements would simply be
due to the much larger neural signals required to
achieve these high-velocity saccades. Under this specu-
lative scenario, the high accuracy of maintained binocu-
lar fixation must be attributed to the application of
feedback control strategies.
Despite the short-term asymmetrical behavior, the
steady-state vergence position (after 2 s) was always
symmetrical as dictated by the stimulus. (Indeed, the
responses were selected to ensure a symmetrical steady-
state response.) Two strategies could be used to offset
any initial asymmetry: either a slow version movement
or a saccade could be used in compensation. These two
strategies are shown in the two responses of Fig. 3.
Subject JS used slow version to correct the vergence
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Fig. 5. Plot of the time at which paired left and right vergence eye movements reach their peak velocity. The high correlations are evident. Subject
BS, r0.90, n47; subject EV, r0.99, n61; subject CC, r0.97, n96; subject JS, n104, r0.92.
asymmetry while subject CC used a saccade. The spe-
cific strategy used appeared to be somewhat subject
dependent with most subjects relying on slow
movements.
Regardless of the strategy employed, the fact that the
late response must cancel an asymmetry that varies from
movement-to-movement strongly suggests that a visual
feedback process was involved. Conversely, the exis-
tence of large asymmetries in the initial portion of the
response is consistent with the notion that the initial
component is open-loop with respect to the retinal
image. ‘Open-loop’ in this context refers to the absence
of external feedback operating through the visual sys-
tem to guide the movement. Internal feedback loops
could exist and indeed are likely to be involved, for
example, in the generation of the motor program [17].
The dynamic asymmetries found experimentally support
the dual-mode theory for disparity vergence expounded
by our laboratory over the past decade [25–28]. Under
this theory, a non-visually guided component mediates
much of the initial transient response, while a subse-
quent late component operates under visual feedback
control to bring the eyes to their final, precise binocular
position within foveal Panum’s fusional areas.
A alternate, single controller, theory could also ex-
plain the asymmetries described here if the controller
has both a phasic (AC) and tonic (DC) pathway similar
to the early vergence model proposed by [29]. Variation
in the gain of the phasic, or derivative element, would
account for the inter-trial variability, and if this element
lies within a monocular pathway, it could account for
the asymmetry as well. A more stable steady-state
component, or the action of feedback, would account
for the symmetry of the final position.
5. Conclusion
Vergence eye movements frequently exhibited consid-
erable asymmetries in the initial, high-velocity portion
of the response to a symmetrical vergence stimulus.
Unlike saccades, no consistent pattern was found in this
asymmetrical behavior, though in two subjects one eye
tended to be faster. Considerable inter-trial variability in
the amplitude of the initial transient was also noted for
vergence responses to the same stimulus. Both left
versus right asymmetry and inter- trial variations were
much larger than found for saccades of the same ampli-
tude, but such a comparison is problematic due to the
large differences in velocity between saccades and ver-
gence movements of equal amplitude. The timing of left-
and right-eye movements showed fair synchronization,
although again not as good as found in saccades of the
same amplitude.
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Despite the presence of substantial asymmetries in
the maximum velocity, reflecting differences in the ini-
tial transient response, the final position attained by the
two eyes was symmetric, corresponding to target posi-
tion. Initial asymmetries were compensated by either a
saccade or a slow version movement. These findings
could be explained by the action of a variable non-visu-
ally guided control process operating in conjunction
with the compensatory action of a visual feedback
mechanism.
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